Giardia has unique microtubule structures, including the ventral disc, the primary organelle of attachment to the host, and the median body, a structure of undefined function. During attachment, the ventral disc has a domed conformation and enables Giardia to attach to the host intestinal epithelia within seconds. The mechanism of attachment via the ventral disc and the overall structure, function, and assembly of the ventral disc are not well understood. Our recent proteomic analysis of the ventral disc indicated that the median body protein (MBP), previously reported to localize exclusively to the median body, was primarily localized to the ventral disc. Using high-resolution light and electron microscopy, we confirm that the median body protein localizes primarily to the overlap zone of the ventral disc. The MBP also occasionally localized to the median body during prophase. To define the contribution of MBP to the ventral disc structure, we depleted MBP using an anti-MBP morpholino. We found that the ventral disc was no longer able to form properly and that the disc structure often had an aberrant nondomed or flattened horseshoe conformation. The ability of attached anti-MBP morpholino-treated trophozoites to withstand shear forces and normal forces was significantly decreased. Most notably, the plasma membrane contacts with the surface, including those of the bare area, were defective after the anti-MBP knockdown. To our knowledge, this is the first ventral disc protein whose depletion directly alters ventral disc structure, confirming that the domed ventral disc conformation is important for robust attachment.
G iardia intestinalis is a parasitic protist that causes giardiasis, a diarrheal disease infecting millions worldwide. Infection with
Giardia is exceedingly common in developing countries due to a lack of adequate water treatment (35, 37) . Giardia's two-stage life cycle consists of an infectious cyst form that is found in the environment (1, 13) as well as a trophozoite form that colonizes the intestinal tract of the host. Triggered by their passage through the acidity of the stomach, Giardia cysts excyst in the small intestine of the host and the motile trophozoites attach to the intestinal epithelium via the ventral disc (1) . The lack of research into basic Giardia biology and a lack of effective and affordable methods of treatment have led the World Health Organization (WHO) to name giardiasis a neglected disease (35) . As Giardia continues to become more resistant to the drug metronidazole, it becomes increasingly important to discover new ways to treat this common parasitic infection (3, 28, 39) .
The ability of trophozoites to position themselves in the small intestine, attach to the epithelium, and thereby colonize the host is contingent upon Giardia's complex microtubule cytoskeleton. The interphase microtubule cytoskeleton of Giardia is comprised of the ventral disc, the median body, four pairs of flagella, and the funis (10) . Giardia's attachment to its host is mediated by the ventral disc (13) . The ventral disc is a complex microtubule-based structure (ϳ150 to 400 nm thick) composed of a right-handed spiral sheet of microtubules (MTs) and associated structures of unknown function. The ventral disc forms a complete spiral, which results in a small region where the upper and lower portions of the disc overlap, the overlap zone. Extending dorsally from the MTs are trilaminar microribbons, connected by cross bridges that attach to ventral disc MTs along the entire length of the spiral. Surrounding the ventral disc is another ordered structure known as the lateral crest (16) . Attachment is a rapid stepwise process in which a seal with the surface is formed by the lateral crest (25) and the ventral disc adopts a dome-shaped conformation (23) . This seal formed by the lateral crest may permit a suction-based mechanism of attachment. It remains unclear whether conformational changes of the ventral disc directly create forces for attachment or if disc conformational dynamics maintain attachment forces that are generated by some other mechanism (20, 25) .
The other conspicuous microtubule structure in Giardia, the median body, is an enigmatic structure of unknown function that often forms the "crooked smile" in Giardia images (10) . Median body microtubules are dynamic (12) and are thought to be somewhat disordered. The median body is hypothesized to have a role in ventral disc biogenesis, serving perhaps as a reservoir of polymerized MTs (14) . Several microtubule-associated proteins have been shown to localize to the median body, including kinesin-13 and EB1 (12) . Overexpression of a dominant negative form of kinesin-13 results in decreases in median body volume (12) , suggesting that this depolymerizing kinesin motor regulates median body microtubule dynamics.
The functions of the ventral disc structural elements (or the proteins that comprise them) in generating or maintaining attachment are not well understood. We have recently identified over 18 new ventral disc and lateral crest structural proteins, more than doubling the number of known ventral disc components (19) . One abundant disc-associated protein (DAP) identified in our previous proteomic analysis of the ventral disc (19) was the socalled median body protein (MBP; DAP16343). MBP was first identified through an antibody screen and reported to localize exclusively to the median body by immunolocalization (29) . MBP has no significant similarity to any known microtubule-associated protein and appears to be novel to Giardia (29, 30) .
In this study, we confirmed the ventral disc localization of MBP using both green fluorescent protein (GFP)-and epitope-tagging approaches. To understand the function of this abundant discassociated protein, we used a morpholino-based knockdown approach to disrupt translation of MBP. We observed that introduction of an anti-MBP morpholino resulted in significant defects in attachment by both biophysical assays and microscopic examination of surface contacts using total internal reflection fluorescence microscopy (TIRFM) (25) . A significant proportion of anti-MBPtreated trophozoites had open disc or horseshoe-shaped disc conformations. Using three-dimensional (3D) microscopy, we show that trophozoites with the open disc have a flat, not a domed, conformation upon attachment. We contend, therefore, that a dome-shaped disc conformation is critical for robust attachment.
MATERIALS AND METHODS
Strains and culture conditions. Giardia intestinalis strain WBC6 (ATCC 50803) trophozoites were maintained at 37°C in modified TYI-S-33 medium with bovine bile (26) in 16-ml screw-cap tubes (Fisher Scientific). For live imaging experiments, trophozoites were also grown on coverslips placed in 8-well dishes in a sealed chamber (PlasLabs) and gassed with 100% N 2 to maintain a low-oxygen atmosphere. This chamber was incubated at 37°C prior to live cell imaging as previously described (11) .
Construction of the C-terminal GFP-tagged median body protein strain and the strain with integrated MBP::3HA. The MBP::GFP strain was constructed by PCR amplification of the MBP gene from Giardia genomic DNA using the following primers: primer MBPF (5=-GGCGCG CCATGTCCGAGGCTATGGTTTTCAGCAAGATCG-3=) and primer MBPR (5=-ACCGGTAGCCCTGCCCCTGCCCCTGCCGCCGCGAACT TACCACTTCGGCCC-3=). This amplification yielded the MBP gene flanked by 5= AscI and 3= AgeI restriction sites, and the amplicon was subsequently cloned into the pTetGFPC.pac episomal plasmid (12) . The MBP::GFP construct was transformed into Giardia intestinalis strain WBC6 by electroporation using 10 g of plasmid DNA and a GenePulserXL apparatus (Bio-Rad) as previously described (12) with the following modifications: 375 V, 1,000 F, and 25 ⍀. Episomal MBP:: GFP constructs were maintained in transformants using antibiotic selection (50 g/ml puromycin) (9) .
The C-terminal median body protein fragment was cloned in frame to a triple-hemagglutinin (3HA) epitope tag and then ligated into a pJET vector containing a neomycin resistance gene (18) . This vector was linearized with StuI, and trophozoites were transformed by electroporation as described previously (18) . Transformed trophozoites were selected and maintained with neomycin G418 at 400 g/ml.
Immunofluorescence microscopy and image data analysis. Immunostaining of the GFP-tagged MBP and HA-tagged MBP strains was performed as previously described (34) . Briefly, trophozoites were incubated in HEPES-buffered saline (HBS) for 30 min. Cells were then fixed in 1% paraformaldehyde for 30 min at 37°C. After fixation, cells were pelleted by centrifugation at 900 ϫ g for 5 min, washed once in 1 ml PEM buffer {100 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], 1 mM EGTA, 0.1 mM MgSO 4 }, and resuspended in 200 l PEM. These cells were then settled onto poly-L-lysine-coated coverslips for 15 min. Cell-coated coverslips were then washed three times with PEM. Cells were next permeabilized with 0.1% Triton X-100 for 10 min, washed three times in PEM, and incubated in PEM with 1% bovine serum albumin, 0.1% sodium azide, 100 mM lysine, and 0.5% cold-water fish skin gelatin (Sigma, St. Louis, MO) (PEMBALG) for 30 min. The coverslips were incubated with TAT1 (1:200), anti-HA (1:1000), or anti-␤-giardin (1:200) antibody overnight. The following day, coverslips were washed three times in PEMBALG. The coverslips were then incubated with Alexa Fluor 594 goat anti-mouse IgG secondary antibody (1:200; Invitrogen) for 2 h, washed three times in PEMBALG and PEM, and counterstained with 4=,6-diamidino-2-phenylindole (DAPI).
To confirm localization, Metamorph image acquisition software (MDS Technologies) was used to collect 3D images using a Leica DMI 6000 wide-field inverted fluorescence microscope with a PlanApo ϫ100, 1.40-numerical-aperture (NA) oil-immersion objective. Serial sections of DAP::GFP strains were acquired at 0.2-m intervals and deconvolved using Huygens Professional deconvolution software (Scientific Volume Imaging). Two-dimensional maximum-intensity projections were created from the 3D data sets for presentation purposes.
Live cell imaging of attachment in the MBP-knockdown cells using TIRFM and differential interference contrast (DIC). We used TIRFM (2) to determine if trophozoite and disc surface contacts were aberrant after morpholino knockdown of the MBP. Trophozoites were resuspended in 1ϫ HBS and incubated on ice for 10 min. To stain cell membranes, trophozoites were incubated for an additional 5 min on ice with CellMask Orange (final concentration, 2 g/ml; Invitrogen). Stained cells were concentrated by centrifugation (900 ϫ g for 5 min) and resuspended in 500 l of warmed (37°C) 1ϫ HBS prior to imaging. A simple imaging chamber was created as previously described (25) . Live cell imaging was performed in a microscope-stage incubator (OkoLab) at a temperature of 35 to 37°C using 488-and 561-nm lasers with 10-to 100-ms exposures; no charge-coupled-device (CCD) gain was used. Images were collected with a QuantEM 512 SC electron-multiplying CCD camera (Photometrics) on a 3i Marianas inverted spinning-disc confocal microscope system. Slidebook software (Intelligent Imaging Innovations) was used for minor image processing, such as cropping and two-dimensional intensity plots.
Negative staining and immunolabeling of isolated discs from DAP:: GFP fusions. To determine the localization of the MBP in the ventral disc structure, detergent-extracted cytoskeletons from the MBP::GFP strain were isolated (19) and immunolabeled for negative staining of the MBP as previously described (40) . Cytoskeletons were placed in a blocking buffer of 3% nonfat dry milk in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 ) for 1 h. The MBP::GFP cytoskeletons were then labeled with an anti-GFP antibody in blocking buffer for 1.5 h and rinsed three times for 15 min each in PHEM. Samples were incubated with 5 nm goat anti-rabbit F(ab=) 2 IgG antibody (BB International) in blocking buffer for 1 h and rinsed three times for 15 min each in PHEM. For negative controls, only the secondary antibody was used.
For negative staining of the MBP::GFP fusion strain, 300-mesh copper grids (Electron Microscopy Sciences) were Formvar coated, carbon coated, and then glow discharged to make them more hydrophilic. A 5-l droplet of the MBP::GFP disc preparation was placed on the grid, blotted, and then negative stained with a 5-l droplet of 2% aqueous uranyl acetate (Ted Pella) and again blotted. Grids were imaged on an Advanced Microscopy Techniques digital camera in a CM100 (FEI) transmission electron microscope operating at 80 kV.
Morpholino-based knockdown of MBP. Morpholinos were designed to target the first 24 bases of the MBP-encoding gene and 1 base upstream of the 5= end. The resulting anti-MBP morpholino sequence was 5=-GCT GAAAACCATAGCCTCGGACATT-3=. A mispair morpholino with the sequence 5=-GGTGAAAAGCATAGGCTCCGAGATT-3= was used as a control for off-target effects. Prior to MBP morpholino knockdown, trophozoites of either the wild-type strain WBC6, the lateral crest DAP17096::GFP-tagged strain (19) , or the integrated MBP::3HA strain were grown to confluence. Cells were washed with 12 ml of fresh medium, quickly suspended again in 12 ml of medium, and then chilled on ice for 20 min. The detached trophozoites were then centrifuged at 900 ϫ g for 5 min at 4°C. The resulting pellet was resuspended in 0.27 ml of fresh medium. This was added to a 0.4-mm electroporation cuvette along with morpholino at a final concentration of 100 M. The cuvette was chilled on ice for 5 min, and electroporation was performed as described above, with the only modification being the use of 350 V instead of 375 V. These transformed cells were then incubated at 37°C for 48 h. Following electroporation of the MBP-specific morpholino oligonucleotides or controls, cell morphology and attachment were assessed in both live and fixed trophozoites.
Quantification of anti-MBP morpholino knockdown in the MBP:: 3HA strain. To determine the extent of MBP knockdown, Western blotting was used to assay the HA-tagged MBP levels in extracts from the integrated 3HA-tagged MBP strain compared to those from the WBC6 strain. Forty-eight hours after electroporation of the anti-MBP or missense oligonucleotide, trophozoites were placed on ice for 15 min to promoted detachment. Detached trophozoites were then centrifuged, and the resulting pellet was washed in 1ϫ HBS containing Halt protease inhibitor cocktail (ThermoScientific). Cells were pelleted again and resuspended in 1ϫ Laemmli buffer, and the suspension was then boiled for 5 min. This cell extract was loaded onto a 12% SDS-polyacrylamide gel, separated by electrophoresis, and transferred to Immobilon-FL polyvinylidene difluoride membranes. Membranes were blocked, and the MBP::3HA protein was detected using a 1:10,000 dilution of anti-HA antibody (mouse monoclonal; H9658; Sigma) and a horseradish peroxidase-conjugated secondary antibody (Bio-Rad) at a 1:5,000 dilution. The blot was also probed with antitubulin antibody TAT1 at 1:2,500 to normalize loading. The degree of MBP knockdown was quantified using an Alpha Innotech Gel imaging and documentation system (Cell Biosciences).
Quantification of attachment shear forces using a laminar-flow assay. The effect of shear forces on live trophozoites attached to a glass substrate was imaged using a syringe pump to create laminar flow with a temperature-controlled Harvard Apparatus RC-31 parallel-plate flow cell chamber (Warner Instruments) mounted onto an inverted Nikon Eclipse TS100 microscope with a 10ϫ, 0.25-NA ADL objective and a Retiga 2000R CCD (Qimaging) as previously described (20, 25) . Shear-force experiments were performed on trophozoites 48 h after the introduction of the MBP morpholino. A preassay image was taken (time zero). Cells were then challenged with a 3-ml/min laminar-flow rate (20) for 3 min as images were captured at 10-s intervals via phase-contrast. To quantify the fraction of cells that maintained attachment over a range of shear forces, cell counting was performed manually or using Metamorph image acquisition software (MDS Technologies). The proportion of attached morpholino-treated cells was normalized to the proportion of wild-type water-electroporated control trophozoites.
Assessing normal forces of attachment using a centrifuge assay. Defects in the normal forces of attachment in trophozoites were assayed at the population level using a physical attachment assay (21) . Forty-eight hours after the electroporation of the anti-MBP morpholino, trophozoites were pelleted on ice. Trophozoites were resuspended in 10 ml of chilled medium, and then 3 ml was transferred to custom sample holders capped with thick, circular glass slides. The cells were incubated at 37°C for 1 h in a micro-oxic chamber to allow attachment to the glass slides (11) . Sample holders were centrifuged at 37°C in a hanging-bucket centrifuge (Sorvall RC5C HB4 rotor 07) at 10,000 rpm (2.1 nN normal force). Noncentrifuged controls were prepared in the same manner and incubated at 37°C. The glass slides were removed from the chamber immediately after centrifugation. Five fields (ϳ5,000 cells) were imaged and counted using phase-contrast. The proportion of trophozoites maintaining attachment was normalized to the noncentrifuged control.
Analysis of MBP turnover using fluorescence recovery after photobleaching (FRAP). We used laser fluorescence photobleaching of specific regions of the ventral disc to measure the movement and steady-state turnover of the MBP, a technique that has been used extensively in other organisms (36) . MBP::GFP-expressing trophozoites were embedded in 1% low-melt agarose and imaged using an Olympus FV1000 scanning laser confocal microscope equipped with a four-channel photomultiplier tube. To photobleach a specific region of MBP localization, we used 95% 405-nm laser power for 2 s. The 488-nm laser was used to acquire the prebleach image of the cell. Fluorescence recovery in the MBP::GFP strain was analyzed by imaging once every minute for up to 10 min using the 488-nm low-power laser excitation (see Fig. S2 in the supplemental material for supporting information).
Nucleotide sequence accession numbers. MBP has been placed in GenBank under accession number Q08014 and the GiardiaDB under accession number GL50803_16343.
RESULTS

The median body protein localizes primarily to the ventral disc.
To gain insight into the function of the MBP, we constructed a C-terminal GFP-tagged MBP and transformed this MBP::GFP fusion construct into Giardia trophozoites. The ventral disc is com- posed of a regularly spaced spiral MT array with associated structures (10) surrounded by a fibrillar lateral crest and overlaps one and one-quarter turns around a central bare area ventral to the flagellar basal bodies (Fig. 1) . Using deconvolution epifluorescence microscopy, we observed median body protein throughout the ventral disc in 100% of cells concentrated most prominently at the disc edges, the overlap zone (Fig. 1) , and the plus ends of the MT spiral array, as seen using superresolution light microscopy (Fig. 2) . The median body protein also localizes close to the microtubules but not to the microribbons or cross bridges, as visualized using negative staining of the MBP::GFP strain with an anti-GFP primary antibody coupled with 10-nm immunogold (Fig. 2) . To confirm the localization of MBP to the ventral disc, we integrated a copy of MBP::3HA into the wild-type Giardia genome under the control of its native promoter as previously described (18) . The epitope-tagged MBP::3HA also localized primarily to the ventral disc and only infrequently to the median body (Fig. 2) .
In contrast to prior studies (29) , the median body localization of the MBP was observed in only ϳ20% of trophozoites; these were primarily in prophase, as evidenced by chromosome condensation in both nuclei (34) . Using FRAP, we also observed that MBP::GFP localization does not recover either to the ventral disc or to the median body following photobleaching (see Fig. S1 in the supplemental material for supporting information).
Morpholino knockdown of MBP results in open discs and mispositioning and discontinuity of the lateral crest. To assess the function of MBP in the ventral disc, we used a morpholino knockdown (6) to block translation of the median body protein.
We observed over 55% knockdown of MBP by Western blotting 48 h following the electroporation of an anti-MBP morpholino in the strain with integrated MBP::3HA compared to the nonelectroporated controls (see Fig. S1 in the supplemental material for supporting information). Using fluorescently tagged morpholinos, the percentage of trophozoites that retain an electroporated morpholino in Giardia has been quantified to be over 95% of cells (6) , with a 60 to 80% knockdown generally observed for several cytoskeletal proteins (6, 25, 32) .
To characterize the ventral disc structure and attachment phenotypes arising from the median body protein knockdown, we electroporated the anti-MBP morpholino into a ␦-giardin::GFP strain to mark the ventral disc in live and fixed trophozoites (Fig.  3) and immunostained the MT cytoskeleton using TAT1 (5). MBP::GFP colocalizes with ␦-giardin (Fig. 2) . We saw no discernible differences in the median body presence or structure (33) after MBP knockdown. We did observe unique changes to the ventral disc structure, however (Fig. 3) . Specifically, we observed that in ϳ20% of trophozoites the disc displayed an open or horseshoe conformation, as opposed to the typical circular overlapping shape. Over 50 percent of trophozoites did not show an obviously open disc conformation, yet the ventral disc appeared to have regions of less regular or evenly spaced microtubules and associated microribbons compared to unelectroporated controls.
The lateral crest surrounding the ventral disc is believed to be important for creating a seal that would enable suction-based attachment (16, 25) . We recently identified 18 new DAPs, with 10 localizing specifically to the lateral crest region of the ventral disc (19) . To determine if the knockdown of the median body protein that resulted in misshaped ventral discs would affect the structure and positioning of the lateral crest, we electroporated the anti-MBP morpholino into the DAP17096::GFP strain. DAP17096 is one of several ankyrin-repeat proteins localizing to the lateral crest (19) , permitting us to assess lateral crest placement in trophozoites with the horseshoe disc phenotype. To visualize the ventral disc and more easily find cells with the horseshoe phenotype, trophozoites were also immunostained with an antibody to ␤-giardin (7). Forty-eight hours after the electroporation of the anti-MBP morpholino, we found that trophozoites with an open ventral disc did not have a properly formed lateral crest compared to missense morpholino or wild-type controls (Fig. 3) . The lateral crest of these cells was open and followed the shape of the open disc, resulting in a horseshoe-shaped lateral crest.
Anti-MBP morpholino-treated trophozoites have reduced levels of attachment and aberrant surface contacts. To assess how defects in ventral disc structure affect attachment, we assayed both normal and shear forces of attachment using previously described biophysical assays (20, 21) . To assess shear forces in the anti-MBP morpholino-treated cells, trophozoites were challenged with shear stress using laminar flow. We observed a significant decrease (ϳ15%) in the ability of anti-MBP morpholino-treated trophozoites to withstand shear forces compared to those treated with a missense morpholino or wild-type controls (Fig. 4) . With respect to normal forces of attachment, we found that trophozoites treated with the anti-MBP morpholino also showed a significant (Ͼ50%) decrease in their ability to withstand normal forces compared to missense morpholino or wild-type controls (Fig. 4) .
We found aberrant surface contacts using TIRFM and confocal live imaging of the anti-MBP morpholino-treated ␦-giardin::GFP strain (which has a GFP-labeled ventral disc) stained with CellMask Orange to mark the plasma membrane (Fig. 5) . Specifically, we observed that in trophozoites with the open disc conformation, the bare area extended throughout the opening toward the more anterior end of the cell, contiguous with the lateral crest. Surface contacts that characterize later stages of attachment following the skimming stage (25) , such as the lateral crest seal, the lateral shield contacts, and a central bare area contact, were not present or aberrant in the morpholino-treated trophozoites (Fig.  5) . Specifically, the late-stage bare area contacts were present in trophozoites with the open disc conformation, but the bare area contacts were misshapen (Fig. 5) .
Three-dimensional live imaging of anti-MBP knockdowns indicates that the ventral disc is in a flattened conformation. Treatment of the ␦-giardin::GFP strain with the anti-MBP morpholino not only resulted in an open disc conformation in the xy plane but also resulted in defects in the overall three-dimensional structure of the ventral disc. During late-stage attachment (e.g., lateral crest and lateral shield contacts), the ventral disc has a dome-shaped conformation (a height of about 2.8 m at the most distal point from the surface, with an overall disc diameter of about 7.5 m that does not change when the lateral crest seal is formed). The bare area contacting the surface characterizes the last stage of attachment. Using confocal live imaging of late-stage attached trophozoites, we found that that the ventral disc adopts a flattened, not a domed, conformation in attached trophozoites with the open disc phenotype, with an average height of about 0.7 m and an average disc diameter of about 8.2 m (Fig. 6) .
DISCUSSION
Giardia attaches to the intestinal epithelium (or to inert surfaces) using an undefined suction-based mechanism (21), allowing parasites to colonize the small intestine to resist peristalsis. The unique and highly organized spiral MT array structure of the ventral disc is critical to virulence as it promotes attachment of Giardia to the intestinal epithelium (13) . The ventral disc is composed of three main elements: (i) a domed right-handed spiral MT array nucleated by the caudal flagellar basal bodies, (ii) trilaminar microribbons that attach perpendicularly along the length of the MT spiral and extend into the cytoplasm, and (iii) cross-bridge structures that horizontally link the microribbons (7, 8, 15, (22) (23) (24) . A bare area, central to the region where the disc MTs overlap (Fig. 1) , contains numerous membrane-bound vacuoles. Additionally, the ventral disc is surrounded by the lateral crest, a fibrillar structure of unknown composition with proposed contractile functions (27) . We have recently identified 18 novel DAPs, one of which is MBP, which conflicts with prior descriptions of this protein. We propose that the name "median body protein" be dropped in fa- vor of the more descriptive name DAP16343, which indicates the GiardiaDB open reading frame identifier and that it is a DAP.
The median body protein is a structural component of the ventral disc during interphase. The 101-kDa coiled coil median body protein (29) was named on the basis of its initial immunolocalization to the median body of interphase trophozoites. Recently, however, we have identified MBP to be an abundant protein in the ventral disc proteome (19) , and we have now used protein tagging approaches to show that the median body protein localizes primarily to the entire ventral disc structure (Fig. 2) and only secondarily to the median body. The difference in MBP localization between the two studies is likely a result of the different approaches used. In the earlier study, a polyclonal MBP antibody was used to immunolocalize MBP. The lack of MBP localization to the ventral disc may be a result of steric hindrance preventing access of both primary and secondary antibodies to MBP in the tightly packed disc structure; in fact, other disc-associated proteins, such as tubulin, are also known to be difficult to localize to the ventral disc by immunostaining (5) . Furthermore, Marshall and Holberton used for their immunolocalizations detergentextracted cytoskeletons that had been repeatedly washed rather than whole, fixed trophozoites (29) . Thus, any association of the MBP with the ventral disc structure may have been disrupted in the particular preparation of cytoskeletons used for immunostaining (29) . In addition to confirming the localization of MBP to the ventral disc, we have also shown that MBP is an essential structural component of the disc.
MBP is critical for maintaining a domed disc conformation during later stages of attachment. The ventral disc has been shown to be necessary for attachment of Giardia to different substrates (21) , yet the role of specific disc conformational changes in attachment is less understood. Attachment, ventral disc conformational dynamics, and contacts of trophozoites with a glass substrate can be quantified using three-dimensional live imaging (11, 25) . We have previously demonstrated that attachment of live trophozoites occurs within seconds as a stepwise process characterized by defined contacts of the trophozoite with an inert surface. The attachment process can be visualized using TIRFM (25) . Four distinct stages of attachment include skimming, formation of a lateral crest seal at the disc perimeter, increased contact of the lateral shield region of the cell body, and lastly, increased contact of the bare area region central to the disc (see Fig. 1 and reference 25). During these stages of attachment, the microtubule-based structure of the ventral disc remains in a domed conformation; only the lateral crest and bare area regions contact the surface.
In the anti-MBP morpholino-treated trophozoites, conformational defects in the ventral disc and lateral crest may contribute to the observed lack of robust attachment. We observed notable localization of the MBP to the overlap zone of the ventral disc and saw that upon disruption of the disc using anti-MBP morpholinos, the overlap zone no longer formed (Fig. 3) . The resulting open or horseshoe-shaped disc was no longer domed but rather adopted a flat conformation (Fig. 6) . Thus, the MBP either directly or indirectly links the upper and lower regions of the ventral disc during disc biogenesis to promote the domed structure observed in live imaging of attached cells.
TIRFM live imaging showed that anti-MBP-treated cells also exhibited defects in surface contacts, and those with open disc conformations were unable to proceed through all stages of attachment (Fig. 5) . In particular, the majority of cells with open disc conformations had improper lateral crest or lateral shield contacts, and the bare area contacts were misshapen and continuous with the ventrolateral flange (Fig. 5) . The seal formed by the lateral crest presumably enables or maintains a negative pressure differential underneath the disc during attachment (16, 25) . The open and flattened ventral disc conformation in the anti-MBP morpholino-treated cells (Fig. 5 and 6 ) likely resulted in the lack of the negative pressure differential underneath the disc proposed to be responsible for disc-mediated suction (21) .
We also used two biophysical assays of live populations of trophozoites to ascertain defects in resisting increased shear and normal forces (Fig. 4) . Significant proportions of anti-MBP-treated trophozoites had attachment defects as measured by these assays (Fig. 4) . Each assay challenges trophozoites with a different force; thus, significant differences between the two assays in terms of the numbers of trophozoites that remain attached are not unexpected. Taken together with the weaker and aberrant surface contacts observed in anti-MBP-treated trophozoites using TIRFM ( Fig. 5 and 6 ), we contend that the defects in ventral disc conformation and lateral crest structure arising after depletion of MBP cause the observed decreases in attachment as quantified at the population level in the two biophysical attachment assays (Fig. 4) . It is likely that Giardia attachment is not mediated by any single factor and that the requirement for a dome-shaped ventral disc with a complete lateral seal and proper surface contacts is greater when resisting normal forces than when resisting shear forces.
These observations support the idea that a domed conformation of the ventral disc is necessary for robust attachment of live cells. Suction-based forces could theoretically be generated directly via a conformational change of the ventral disc to a domed shape, resulting in a negative pressure differential relative to the outside medium. Alternatively, the ventral disc might retain its rigid, domed conformation and some other mechanism, such as an osmotic pressure-based mechanism of attachment in which the attachment force is generated by an osmotic pressure differential (20) , could generate suction. A dome-shaped disc might also be required for proper lateral crest seal formation, which is an earlier stage in attachment (25) .
Role of median body and MBP in ventral disc biogenesis. During cell division and cytokinesis, the eight flagella, median body, and ventral disc each undergo dramatic subcellular rearrangements prior to their partitioning into the daughter cells (31) . Two new daughter discs are assembled de novo on the dorsal side of the cell in telophase and are neither templated nor built from components of the parental disc. The parental disc is reorganized and disassembled after cell division (38) and also during encystation (17) . Rapid assembly of the ventral disc would minimize the chances of the trophozoite being removed by peristalsis. Understanding how MBP is incorporated into the ventral disc during its assembly may inform our understanding of disc-mediated attachment.
Knockdown of MBP resulted in open, flat ventral discs, suggesting that MBP links the overlapping regions of the ventral disc spiral and is required for proper assembly of the threedimensional architecture of the disc. Most of the ventral disc is assembled properly following MBP knockdown, yet the overlap zone remains discontinuous. With respect to the timing of events during disc biogenesis, this implies that assembly of most of the ventral disc occurs before it undergoes conformational changes to become an overlapping spiral with an overall domed shape. Trophozoites that exhibited an open overlap zone after MBP knockdown also had a discontinuous lateral crest, as visualized using DAP17096::GFP. Based on the discontinuity of the lateral crest in these anti-MBP morpholino-treated cells, we propose that the lateral crest is assembled after assembly of the main MT-based structures of the ventral disc.
Why does the MBP occasionally localize to the median body? It has been suggested that the median body is a reservoir of MTs that are somehow recruited to new daughter discs during cell division (4, 14) . In addition to DAP16343, several other lateral crest-and disc-associated protein components are known to assemble on median body MTs (7), supporting the idea that ventral disc components assemble on median body microtubules prior to dorsal disc biogenesis.
Concluding remarks. Site recognition, flagellar motility, and specific disc conformations each likely contribute to in vivo attachment. Drugs affecting ventral disc structure, disc biogenesis, or disc conformational dynamics may directly or indirectly decrease trophozoite attachment in the host and thus limit the initiation or extent of infection. Previous technical limitations have made studying the role of the ventral disc in attachment difficult at the molecular and cellular levels (9, 13); however, recently developed molecular tools to study protein function (6) permit detailed analyses of newly described ventral disc components (19) . Understanding the active role of ventral disc conformational dynamics or the passive role of the ventral disc in maintaining a negative pressure differential is critical toward developing new classes of anti-Giardia compounds.
